Transition metal dichalcogenides (TMD) with the formula MX2, where M is a transition metal (Mo, W and so on) and X is a chalcogen (S, Se or Te), have attracted much attention due to their layer structure and semiconducting properties. [1] [2] [3] [4] [5] [6] These twodimensional (2d) materials are in the form of X-M-X, where a plane of metal atoms is sandwiched between two planes of chalcogen atoms by covalent interaction, and different layers are held together by van der Waals interactions. 7, 8 These layer materials exhibit many distinctive characteristics such as outstanding flexibility, 9 moderate carrier mobility, 10, 11 and layer-dependent electronic and optical properties. [12] [13] [14] [15] [16] [17] [18] [19] [20] Thus, the TMD materials can serve as transparent and flexible field-effect transistors (FETs), [21] [22] [23] [24] photodetectors, 25 photovoltaic cells, 26, 27 light-emitting diodes 28, 29 and catalysts. [30] [31] [32] In particular, TMD materials have been reported to absorb up to 5−10% of incident sunlight within a thickness less than 1 nm, which is about 1 order of magnitude higher absorption than GaAs and Si. 26 The phototransistors based on monolayer MoS2 show outstanding photoresponsivity even up to a few thousand A/W. 25, 33 Recently, a graphene/MoS2 hybrid phototransistor was demonstrated to be able to provide a photogain of more than 10 8 . 34 However, the long response time of 4 to 30s for monolayer MoS2-based phototransistors, caused by persistent photocarriers generated from trapped defects or charged impurity states, 25, 33, 34 limits their application for fast photon detection.
Recently, monolayer MoSe2 has started to gain attention since it has many interesting electronic and optical properties similar to monolayer MoS2, such as a direct band gap, strong photoluminescence, and a large exciton binding energy. [35] [36] [37] [38] [39] [40] [41] It is known that sulfur defects in MoS2 monolayer greatly affect the electronic transport and optical properties.
Therefore, it would be meaningful to carefully compare the properties of monolayer MoSe2 monolayer has a much weaker bound exciton peak, indirectly suggesting that the MoSe2 monolayer possesses fewer defects or impurities. Most interestingly, the CVD MoSe2 monolayer exhibits a much faster response time (< 25ms) than MoS2, making it superior for fast photodetection applications.
Results and Discussion

Synthesis of MoSe2 Monolayer:
The experimental set-up for growing monolayer MoSe2 using MoO3 and Se powder precursors in a hot-wall CVD system is schematically illustrated in Figure 1 (a).
Hydrogen was introduced as a reducing agent during the growth process. When the substrate is close to the MoO3 source, the nucleation density becomes much higher such that these small domains easily merge to form a continuous film, as shown in the atomic force microscopy (AFM) image in Figure 1(c) . Moreover, the cross sectional height profile in Figure 1(d) shows that the thickness of the MoSe2 film is ~0.7 nm, corresponding to a monolayer and consistent with published monolayer thickness. 6, 37 Figure 1(e) shows the OM of the MoSe2 monolayer. In addition to the MoSe2 monolayer,
we occasionally observe the growth of 2 nd layer MoSe2 on top of some monolayer flakes, as shown in Figure S1 . The occasionally found MoSe2 2 nd layers are normally in the areas with high substrate roughness or with some particles, likely due to that the rough surfaces or particles are able to assist the nucleation of the 2 nd layer.
Structural Characterization of MoSe2:
The layer dependence of Raman features has been reported for TMDs such as MoS2, MoSe2 and WSe2. 7, 16, 38, 40 In Figure 2( 38 This suggests that the CVD synthesized MoSe2 is indeed one monolayer. Figure 2 (b) displays the PL spectrum for monolayer MoSe2. Only a strong peak located at 793 nm is observed, attributed to the direct band gap emission from A excitons. 6, 35, 37 It is noted that the indirect gap emission is absent in the monolayer and the strong A exciton emission from the monolayer is in good agreement with a recent report. 38, 41 In addition, the XPS spectra for the CVD synthesized monolayer MoSe2 in 
Electric Double Layer Transistors:
The electrical characteristics of the electric double layer transistors (EDLTs) were measured directly for the monolayer MoSe2 films on sapphire substrates. The detailed description of EDLT fabrication was reported in previous studies 3, 5 and illustrated in Figure S2 . The output characteristics for the MoSe2 devices are also shown in Figure S2 . is an n-type semiconductor, 44 we clearly observe an ambipolar transport behavior instead since the electric double layer exhibits a higher gating efficiency. Table 1 . In brief, MoSe2 exhibits a similar electron mobility value and on-off current ratio compared with MoS2, which also makes it a promising candidate for FET applications.
Ultraviolet Photoemission Spectroscopy (UPS):
UPS is used to explore the energy level alignment with respect to the Fermi energy (EF).
The MoS2 and MoSe2 monolayers are separately transferred onto Si substrates coated 8 with 60 nm thermally evaporated Au. The Au layer serves as a reference for EF, assigned to 0 eV. 45, 46 As shown in Figure 4 
Optical Properties:
To examine the gate dependent photoresponse characteristics, the MoS2 and the MoSe2 films are respectively transferred onto 300 nm SiO2/Si substrates, and the phototransistors patterned using standard photolithography. Figure S4 shows the optical image of the states. 15, 53 Due to the additional binding to defects or charge impurities, the energy of the bound exciton peak is lower than that of the free exciton peak. 15 The large width of the bound exciton peak indicates the presence of different kinds of defects or charge impurity sites since different binding energies are needed. In contrast, no sub-bandgap emission is observed at the low energy side for the CVD MoSe2 monolayer, implying better crystalline quality and fewer defects or charge impurity states, thus resulting in higher band-to-band free exciton recombination rates. Some reports have pointed out that the persistent photoconductance arise from the defects or charge impurity states inside the bandgap. 33, 54, 55 Hence, the extra photogenerated carriers in the MoS2 arising from the defects or charge impurity states could be responsible for its slow light response time. Moreover, the CVD MoS2 shows significantly lower stability in ambient, where its PL intensity normally decays in 2 or 3 days. We notice that the shelf life time can be increased to more than one week if the sample is stored in a dry box, indicating that the moisture may react or catalyze the formation of defects in MoS2. By contrast, PL measurements suggest that the CVD MoSe2 monolayer exhibits a much longer shelf life time, typically more than 4 weeks, in the same ambient storage condition. These observations are also in line with a relatively larger amount of defects in MoS2 revealed by TEM.
Conclusions
In conclusion, we have synthesized crystalline monolayer MoSe2 by the gas phase selenization of MoO3 in a hot-wall CVD chamber. From the analyses of EDLT and UPS measurements, the MoSe2 exhibits a slight n-type preferred ambipolar behavior, while the MoS2 shows heavily n-doped electrical characteristics. In addition, the defect-less crystalline structure for the MoSe2 is identified through the low temperature PL, whereas relatively abundant defects occur in MoS2. This study shows that CVD synthesized monolayer MoSe2 has great potential in flexible transparent optoelectronic applications. 
Methods
Growth of MoSe2 monolayers:
